Aims. We examine the uncertainties in current planetary models and we quantify their impact on the planet cooling histories and mass-radius relationships. These uncertainties include (i) the differences between the various equations of state used to characterize the heavy material thermodynamical properties, (ii) the distribution of heavy elements within planetary interiors, (iii) their chemical composition and (iv) their thermal contribution to the planet evolution. Our models, which include a gaseous H/He envelope, are compared with models of solid, gasless Earth-like planets in order to examine the impact of a gaseous envelope on the cooling and the resulting radius. Methods. We find that for a fraction of heavy material larger than 20% of the planet mass, the distribution of the heavy elements in the planet's interior affects substantially the evolution and thus the radius at a given age. For planets with large core mass fractions ( > ∼ 50%), such as the Neptune-mass transiting planet GJ436b, the contribution of the gravitational and thermal energy from the core to the planet cooling history is not negligible, yielding a ∼ 10% effect on the radius after 1 Gyr. Results. We show that the present mass and radius determinations of the massive planet Hat-P-2b require at least 200 M⊕ of heavy material in the interior, at the edge of what is currently predicted by the core-accretion model for planet formation. As an alternative avenue for massive planet formation, we suggest that this planet, and similarly HD 17156b, may have formed from collisions between one or several other massive planets. This would explain these planet unusual high density and high eccentricity. We show that if planets as massive as ∼ 25 MJ can form, as predicted by improved core-accretion models, deuterium is able to burn in the H/He layers above the core, even for core masses as large as ∼ 100 M⊕. Such a result highlights the confusion provided by a definition of a planet based on the deuterium-burning limit. We provide extensive grids of planetary evolution models from 10 M⊕ to 10 MJup, with various fractions of heavy elements. These models provide a reference to analyse the transit discoveries expected from the CoRoT and Kepler missions and to infer the internal composition of these objects. Conclusions.
Introduction
The number of newly discovered exoplanets transiting their parent star keeps increasing continuously, revealing a remarkable diversity in mean densities for planet masses ranging from Neptune masses to several Jupiter masses. A large fraction of these transits exhibit a mean density significantly larger than that of an object essentially composed of gaseous H/He, like brown dwarfs or stars, indicating a composition substantially enriched in heavy elements. The first compelling evidence for such a significant enrichment was provided by the discovery of a Saturn mass planet, HD149026b, with such a small radius that 2/3 of the planet's mass must be composed of elements heavier than He (Sato et al. 2005) . Another remarkable discovery is the case of GJ 436b, a ∼ 22 M ⊕ Neptune-like planet with a radius comparable to that of Uranus or Neptune (Gillon et al. 2007a ). Such a radius implies an inner structure composed by more than 90% of heavy elements. That exoplanets can be substantially enriched in heavy mateSend offprint requests to: I. Baraffe rial such as rock or ice 1 is not a surprise, since this is a well known property of our own Solar System planets. Moreover, the presence of an icy/rocky core and of oversolar metallicity in the envelope is an expected consequence of the most widely accepted planet formation scenario, the so-called core-accretion model (Alibert et al. 2005a , and references therein).
Given this expectation, it becomes mandatory to take into account heavy element enrichment in planetary models devoted to the analysis and the identification of current and forthcoming observations of extra-solar planets. Many efforts are now devoted to the modeling of massive terrestrial planets, essentially composed of solid material (Valencia et al. 2006; Sotin et al. 2007; Seager et al. 2007 ) and jovian planets with H/He envelope and a substantial metal enrich-ment (Baraffe et al. 2006; Guillot et al. 2006; Burrows et al. 2007; Fortney et al. 2007 ). Because of remaining uncertainties in the input physics describing the planetary structures, and of many unknown quantities such as the total amount of heavy elements, their chemical composition and their distribution within the planet's interior, these models are based on a number of assumptions and thus retain some, so far unquantified, uncertainties. The main goal of the present paper is to analyse and quantify these uncertainties and to explore as precisely as possible the impact of the heavy material contribution on the planet structure and evolution. We will focus on planets with mass larger than 10 M ⊕ , the expected limit for the gravitational capture of a gaseous H/He envelope and atmosphere (Mizuno 1980; Stevenson 1982; Rafikov 2006; Alibert et al. 2006 ), which has a significant impact on the evolution. Below this limit mass, the objects are essentially solid bodies with no or a teneous gaseous envelope and their mass-radius relationship has been studied recently by several authors (Valencia et al. 2006 (Valencia et al. , 2007 Sotin et al. 2007; Seager et al. 2007 ). This study is motivated by the level of accuracy on planetary mass and radius measurements which is now reached with ground-based (HARPS, VLT) and space-based instruments (HST, SPITZER). Observations are expected to reach an unprecedented level of precision in the near-future with COROT, KEPLER, and on a longer term with GAIA. The latter project will measure distances and thus stellar radii with high precision, removing one of the main sources of uncertainty in planetary radius measurements. This race for precision is motivated by the possibility to infer with the best possible accuracy the inner composition of an exoplanet, with the aim to better understand planet formation and to identify the presence of astrobiologically important material such as liquid water. In this context, it is crucial to quantify the uncertainties in the structure and evolution planetary models used to analyse these observations. In section §2 and §3, we examine the main input physics and assumptions used in structure and evolutionary models available in the literature. In section §4, we analyse quantitatively the impact of these assumptions. We focus on specific cases such as HD149026b and GJ436b in §5 and on super Jupiter planets in §6. Our various planetary models, covering a wide mass range and including different levels of heavy element enrichments, are presented in §7. Discussion and perspectives follow in §8.
Uncertainties and assumptions in the modelling
of extra-solar planets
Distribution of heavy material within the planet
According to a recent study devoted to the structure of our giant planets (Saumon & Guillot 2004) , Jupiter should have a total amount of heavy elements ranging from 8 to 39 M ⊕ , i.e a metal mass fraction Z ∼ 2.5% to 12%, with a maximum core mass of 11 M ⊕ and a maximum envelope metal mass fraction Z env = 12%. For Saturn, the same study suggests a total mass of heavy elements ranging from 13 to 28 M ⊕ , i.e Z ∼ 13% to 29%, with a maximum core mass of 22 M ⊕ and a maximum Z env ∼ 8%. These properties can be understood within the standard general framework of giant planet formation : as a core is growing in mass due to accretion of planetesimals, it reaches a critical mass around ∼ 6-10 M ⊕ above which gas accretion begins (Mizuno 1980; Stevenson 1982; Rafikov 2006) . During this gas accretion phase, planetesimals are still accreted and are either destroyed in the gas envelope or are falling onto the core, leading to further increase of the core mass. The fate of these accreted planetesimals, disrupted in the envelope or accreted onto the dense core, depends on their size, an unknown parameter in current planet formation models, and on the envelope mass. This general picture thus predicts that planets should have a dense core of heavy material (rock, water/ice) of, at least, a few Earth masses and can show different levels of heavy element enrichment in their envelope, depending on the accretion history (amount of gas accreted, size of planetesimals, etc...). Current models based on the core-accretion scenario are able to match the core mass and the envelope metal enrichment derived for Jupiter and Saturn (Alibert et al. 2005b ), but predict in some cases much larger heavy element enrichments in the envelope, depending on the planet's mass, with values as large as Z env > ∼ 50% for Neptune-size planets (∼ 10-20 M ⊕ ) (Baraffe et al. 2006) .
Despite this widely accepted picture, current extra-solar planet models often simply assume that all heavy elements are located in the central core and that the envelope is either metal-free, Z env = 0, (Burrows et al. 2007; Fortney et al. 2007 ), or has a solar metallicity 2 , Z env = Z ⊙ ). This simplification is based on the assumption that whether the heavy elements are located in the core or in the envelope should not affect the planet's evolution. The validity of such an assumption, however, has never been examined, as will be done in the present paper.
Thermal contribution to the EOS
An other simplification found in planet modelling is the use of temperature-independent EOS, assuming that the heavy element material is at zero-temperature or at a uniform, low temperature Fortney et al. 2007 ). This is certainly a good assumption when examining the structure of terrestrial-like planets, composed essentially of solid (rocky/icy) material (Valencia et al. 2006; Sotin et al. 2007 ). This assumption, however, is not necessarily valid for the evolution of more massive planets. For these objects, the thermal and gravitational energy contributions of the core to the planet's cooling history are usually ignored and it is important to examine the impact of such a simplification.
Heat transport
Finally, a conventional assumption in planet modelling is to assume that the interiors (at least the gaseous envelope) of giant planets are homogeneously mixed, due to the dominant and supposedly efficient transport mechanism provided by large-scale convection. Accordingly, the internal temperature gradient is given by the adiabatic gradient, since superadiabaticity is negligible. The validity of this assumption, however, has been debated for the interior of our own jovian planets for already some time (Stevenson 1985) and has been questioned again more recently in the context of transiting extra-solar planets (Chabrier & Baraffe 2007) . It should be kept in mind, however, that, even though the planetary internal heat flux can only be carried out by convection (Hubbard 1968) , the assumption of large-scale, fully adiabatic convection in planetary interiors has never been proven to be correct and even slightly inefficient convection can have a major impact on the planet's structure and evolution (Chabrier & Baraffe 2007). 3. Equations of state for heavy elements 3.1. The case of water As quickly mentioned in the introduction, the generic term "ice" may often be inappropriate to describe the thermodynamic state of water under planetary conditions. Indeed, depending on the temperatures prevailing in the parent protoplanetary nebula at the initial location of the planet embryo, water could possibly be initially under the form of solid ice, but it could also be under the form of liquid or vapor. If initially solid, it may also melt or vaporize under the conditions prevailing in the planet's interior, or may also dissociate under the form of ionic melts at high pressures and temperatures (Schwegler et al. 2001) . In fact, the phase diagram of heavy elements under the pressure and temperature conditions characteristic of the considered planet interiors is largely unknown, as only part of this diagram is presently accessible to high-pressure experiments or computer numerical simulations. Water, for instance, the dominant component after H and He, is known to exhibit a complex phase diagram with many stable or metastable (amorphous) phases and several triple and critical points, because of the high flexibility of the hydrogen bonding. The melting line of water at high pressure and high temperature has been probed experimentally up to P = 3.5 × 10 11 dyn cm −2 (0.35 Mbar) and T = 1040 K. H 2 O has been found to remain solid at larger pressures and temperatures, suggesting that the melting line increases (in T (P )) at higher temperatures and extends up to at least T > ∼ 1600 K (Lin et al. 2005) . Depending on its extrapolation at higher temperatures, this line may intersect the internal profiles of some of our planet models, at least in the Super-Earth and Neptune mass range, so that both liquid and solid H 2 O might be present at some depth in the interiors of these objects, as predicted for ocean-planets (Selsis et al. 2007) , while supercritical H 2 O is more likely to be liquid or gaseous in the hotter interiors of Saturnlike or larger planets. As mentioned above, water is also found from shock-wave experiments and first-principles calculations to dissociate into H 3 O + + OH − ion pairs above ∼ 2000 K at 0.3 Mbar (Schwegler et al. 2001) . In fact, the distinction between "gas", "ice" and "rock" may become meaningless under extreme conditions. In that case, what matters is the global amount of heavy elements. The term "ice", or "water", may thus more generically refer to the volatile forms of O, C and N, while "rock" refers primarily to silicates (Mg-, Si-and O-rich compounds) and "iron" refers to the rest (metal, oxide, sulfide or substituting for Mg in the silicates) (Stevenson 1985) .
EOS available in the literature
For Earth-like planets, models can test a variety of complex heavy element compositions inspired by the knowledge of the structure of our own Earth (Valencia et al. 2006 (Valencia et al. , 2007 Sotin et al. 2007 ). Moreover, the EOS of materials which may be found in planetary interiors (water, iron, dunite or olivine, etc...) are reasonably well determined at zero-temperature or at 300 K (see Seager et al. 2007) . Unfortunately, for larger planets, the exploration of internal compositions is restricted to a few materials for which EOS are available and cover a large enough range of pressures and temperatures. The two most widely used EOS in this context (Saumon & Guillot 2004; Baraffe et al. 2006; Fortney et al. 2007; Burrows et al. 2007 ) are ANEOS (Thompson & Lauson 1972) and SESAME (Lyon & Johnson 1992) , which describe the thermodynamical properties of water, rocks (olivine or dunite, i.e Mg 2 SiO 4 , in ANEOS; a mixture of silicates and other heavy elements called "drysand" in SESAME) and iron. Figure 1 shows a comparison between these two EOS for the three aforementioned materials for two temperatures, namely T = 300 K and T = 6000 K. Comparison is also shown with the zerotemperature EOS presented in Seager et al. (2007) for water, perovskite (MgSiO 3 ) and iron. These authors use fits to experimental data at low pressure (P < ∼ 2 Mbar) and an improved Thomas-Fermi-Dirac theory at high pressure (P > ∼ 100 Mbar), where the contribution of the degenerate electron fluid becomes dominant. As stressed by these authors, the main difficulty is to bridge the gap in the pressure regime 2 Mbar < ∼ P < ∼ 100 Mbar (2×10 12 -10 14 dyne cm −2 ), which is the most relevant for planetary interiors. Their model EOS represents some improvement upon ANEOS and SESAME, in particular for water, but is valid only at zero-temperature.
The presently used EOS models (ANEOS and SESAME), and thus the inferred planet internal structures, thus retain a significant degree of uncertainty in the experimentally unexplored high-P and high-T domains. In these regimes, both EOS models, as well as the one used by Seager et al. (2007) , are based on interpolations between experimental data at low or moderate density/temperature and well-known asymptotic limits, in general the ThomasFermi or more accurate density-functional type models, in the very high density, fully ionized limit. One can only hope that these interpolations do not depart too much from reality, as might be the case, for instance, if first-order phase transitions, which imply density and entropy discontinuities, occur in the regions of interest. For the static properties, this assumption is probably reasonable at high temperatures, but might be more questionable near melting lines. When addressing the transport properties, like e.g. the thermal diffusivity or kinematic viscosity, the results in the interpolated regime are definitely more doubtful.
As shown in Figure 1 , at low (room) temperature, the various EOS agree reasonably well. For water, the agreement lies within less than 5% at P =0.1 Mbar and within less than 16% at P = 100 Mbar. For "rocks", keeping in mind that this term refers to different compositions in the various EOS, the agreement is comparable, although the difference can reach 27% at P=0.1 Mbar. For iron, the three EOS agree well at low pressure but differences as large as ∼ 20% can occur at P=100 Mbar between SESAME and Seager et al. (2007) . Such cool temperature conditions, however, are more relevant to Earth-like planets than to the ones explored in the present study. Figure 1 also shows, for ANEOS and SESAME, the variation of P (ρ) with temperature, for conditions more suitable to our planetary interior conditions. The thermal con- Fig. 1 . EOS for water, rock and iron for two temperatures: T=300K for ANEOS (red solid line) and SESAME (blue dash-dotted curve); T=6000K for ANEOS (red short-dashed curve) and SESAME (blue dotted curve). The long-dashed (magenta) curves correspond to the zero-temperature EOS of Seager et al. (2007; their Table 3 ). The inset in the lower panel (water) shows a zoom of the P (ρ) relation for log P < 0.5 tributions predicted by these EOS are significant at P 1 Mbar, with a ∼ 40-60% difference in P (ρ) between the T = 300 K and T = 6000 K isotherms, for iron and water, respectively. The differences keep increasing significantly for T > 6000 K. It is instructive to quantify the impact of these thermal contributions on the evolution of our planets, and to determine whether neglecting the temperature dependence of the EOS is consequential or not.
Whereas P (ρ) is the relevant quantity for the structure, the relevant one for the evolution is the entropy. Figure  2 portrays the P-and T-dependence of the entropy, for three isotherms and isobars, for water, for the ANEOS and SESAME EOS, under conditions relevant to the planets of present interest. The values for the H/He fluid (EOS of Saumon et al. 1995; hereafter SCVH EOS) are also displayed for comparison. We see that, whereas the EOS agree reasonably well under Jovian-planet conditions, as expected as they reach the asymptotic, high-P, high-T regime accurately described by Thomas-Fermi-Dirac or more accurate density-functional theories, the difference can be substantial for conditions characteristic of the Neptune-mass domain. Indeed, for this latter case, most of the interior lies in the interpolated regime where guidance from either experiments or numerical simulations is lacking. These differences between the EOS, of course, are amplified for the quantities involving the derivatives of the entropy, such as the adiabatic gradient or the specific heat.
Treatment of metal enrichment in the core and in the envelope
Our goal is to examine the impact on the planetary models and the inferred mass-radius relationships due to uncertainties in (i) the distribution of heavy elements within the planet interiors, (ii) their dominant chemical composition, (iii) the different EOS describing their thermodynamical properties and (iv) their thermal contribution. To achieve this goal, we have implemented the ANEOS and SESAME EOS for water, rock and iron (or what is so-denominated) in our planetary evolution code. Both EOS provide all thermodynamic quantities relevant to the evolution of planets, including internal energy, entropy (in ANEOS) or free energy (in SESAME), and all relevant derivatives. ANEOS also provides Rosseland and conductive opacities. When the SESAME EOS is used, conductive opacities are calculated according to Potekhin (1999) . The evolutionary calculations, including the presence of a dense core, proceed as described in Baraffe et al. (2006) : the structure equations are integrated from the center to the surface; at the core boundary, the EOS is switched to the one characteristic of the gaseous envelope, and the change in chemical composi- tion yields a density jump, but continuity in pressure and temperature is enforced.
To account for the thermodynamic contributions of heavy elements in the H/He envelope, we have tested two different procedures.(1) Following the method described in Chabrier et al. (1992) and used in Baraffe et al. (2006) , we first mimic the presence of metals with mass fraction Z by an equivalent helium fraction Y equiv = Y + Z in the H/He SCVH EOS, with Y the real helium mass fraction in the envelope. As mentioned in Chabrier et al. (1992) , this approximation is reasonable as long as the mass fractions Y and Y equiv are small compared with unity and both ρ Z and ρ He are large compared with ρ H , where ρ i denotes the mass density of the i-component at pressure P . (2) The second, more general approach to describe the EOS of a mixture of various species in the absence of a reliable theory is to apply exactly the additive volume law (hereafter AVL), which is exact in the ideal gas limit, without restriction on the species mass fractions and densities (see Fontaine et al. 1977 and Saumon et al. 1995 for extensive discussions of the validity of the AVL). In this approach, the interactions between the three different fluids, namely hydrogen, helium and the heavy element component, are not taken into account (but interactions between particles in each of these fluids are treated properly) and the EOS of the mixture is simply the mass-weighted interpolation of each species contribution at constant intensive variables, P and T , plus the ideal entropy of mixing for the entropy term. Within the ideal volume law, the mass density of the mixture of a H/He fluid with a helium mass fraction Y plus some heavy element material with mass fraction Z at pressure P and temperature T thus reads:
The extensive variables, e.g. the internal energy and specific entropy, thus read:
where the EOS of the H/He component is given by the SCVH EOS while the one of the Z-component is described by either the ANEOS or the SESAME EOS. All along the present calculations, we have taken the cosmic helium fraction Y =0.275. The details of the calculation of the contribution due to the ideal entropy of mixing are given in Appendix A. This term is found to contribute non negligibly to the total entropy S. Depending on the mixture and the P -T range, it can amount to 10%-20% of S. This is consequential when calculating the internal structure of a planet, whose interior is essentially isentropic, at a given age.
For the evolution, the relevant quantities are the variation of the entropy with time and its derivatives w.r.t P and T , which give the adiabatic gradient:
Given the fact that the internal composition of the planet (N H , N He , N Z , where N i denotes the number of particles of species i), remains constant along the evolution, the only P -and T -dependence of the mixing entropy term arises from the variation of the degree of ionization and thus of the abundance of free electrons. The degree of ionisation of the heavy element component, however, is unknown, and its variation with temperature has been ignored in the present calculations. Therefore, only the variation with temperature of the number of electrons provided by H and He contribute to the variation with time of the mixing entropy. Within this limitation, the variation of S mix with P and T is found to be negligible for planets in the mass range of interest, for all levels of metal enrichment in the envelope, so that the entropy of mixing term does not contribute significantly to the evolution.
encompasses the level of enrichment of our giant planets Jupiter and Saturn and of previous theoretical studies devoted to the analysis of transit planets Burrows et al. 2007 ). The effect of larger fractions of heavy elements (Z > 50%) will be explored in the next section, with the analysis of specific cases of planetary transits. To cover the largest possible range of conditions, we explore these effects on a Neptune mass (20 M ⊕ ) and a Jovian mass planet (1 M J = 318 M ⊕ ). As a test case, we restrict the analysis in this section to planets irradiated by a Sun at 0.045 AU, since the observational determination of the radius is presently accessible only to transiting, short-period planets. We use outer boundary conditions derived from a grid of irradiated atmosphere models with solar metallicity (Barman et al. 2001 ). These models take into account the incident stellar flux, defined by
2 F ⋆ , with R ⋆ and F ⋆ the radius and the flux of the parent star, respectively, and f the redistribution factor. The Barman et al. (2001) models use f =2, corresponding to the incident flux being redistributed only over the dayside of the planet. Recent observations of the day-night contrast of exoplanets with Spitzer (see e.g. Knutson et al. 2007 ) and atmopsheric circulation models (see the discussion in Marley et al. 2007 ), however, seem to favor a redistribution over the entire planet's surface, i.e f =1. For the specific case of HD209458b, Baraffe et al. (2003) found out that such a variation of F inc by a factor 2 has a significant effect on the outer atmospheric profile, but a small effect on the planet evolution. In a forthcoming paper, we will explore in more details the effects of the redistribution factor f , of different levels of irradiation and of heavy element enrichment in the atmosphere. Figure 3 shows the evolution of the radius with time for a 20 M ⊕ planet with Z=50%, for different heavy element materials and for different distributions of these latter in the planet interior. We first consider models with a 10 M ⊕ core and Z env =0, i.e. all heavy elements are located in the central core of the planet. The results for pure water (solid line), rock (dashed line) and iron (dash-dotted line) cores are displayed in Fig. 3a , based on the ANEOS EOS for these materials. A comparison of these results with those obtained with the SESAME EOS for the same material (water and drysand) shows less than a 1% difference on R at a given time. For iron, the SESAME EOS does not provide the free energy and thus the entropy, the adiabatic gradient and other quantities required for the evolution. However, according to the comparison between the ANEOS and SESAME EOS portrayed in Fig. 1 , we do not expect significant differences on the evolution between the different iron EOS.
Neptune-mass planets
For the aforementioned global heavy element enrichment, Z = 50%, the nature of the core material affects the cooling, and thus the radius evolution at the ∼10% level. We will see in §5, however, that for larger heavy element mass fractions, the impact of the core composition can be more severe. At 1 Gyr, the radius of the planet with a pure rocky (iron) core is smaller by 6% (11%) compared to the pure water core case (see Table 1 ) . For water and iron, the ANEOS EOS indicates whether the material is in a solid, liquid or melt phase. For dunite, this information is not provided. In all the models, water is always found to be in a liquid state. However, as mentioned in §3.1, most of our planet interiors lie in the extrapolated, supercritical region of the phase diagram; the precise state of water in this regime depends on the extrapolation of the melting curve and thus is presently undetermined. Moreover, as mentioned earlier, at high pressure and temperature, the meaning of "water" becomes loose and refers more generally to protons and oxygen nuclei. The planet with an iron core undergoes a phase change from liquid to solid, according to ANEOS, at an age of ∼ 1 Gyr. This transition starts in the most central part of the core, at temperatures T ∼ 1.7 × 10 4 K and ρ ∼ 30 g.cm −3 . Figure 3b illustrates the effect of the localisation of the heavy elements within the planet's interior, with two limiting assumptions: (A) all heavy elements are in the core ( Z env =0) and (B) they are distributed all over the planet's interior ( M core =0). In the latter case, we compare the two procedures mentioned in §3.2 to describe the thermodynamics properties of a mixture of H/He and heavy elements. Comparison between these two limiting cases should provide the maximum effect on the planet's radius due to the unknown distribution of heavy elements within its interior, as long as large-scale adiabatic convection is considered as the heat transport mechanism. All the results portrayed in Fig. 3b are done with water. We find the following results:
-Under assumption (B), models based on a Y equiv , for such a high metal fraction, Z = 50%, lead to cooling sequences that differ drastically from the ones based on the AVL, with the SESAME EOS. This shows that the Y equiv simplification can not be used for such values of Z, as anticipated from the limitations of this assumption (see §3.3). -Case (A) and case (B), with the AVL and the SESAME EOS, yield similar cooling sequences, with ∼ 4% difference at t=1 Gyr (7% at 5 Gyr). -In case B, we find a significant difference when using the AVL with ANEOS compared with all other cases (∼ 30% difference in R for t ≥ 1 Gyr compared with case (A), see Table 1 ). As mentioned in §3.2 and illustrated in Fig. 2 , this stems from the different entropy dependence on (P, T ) predicted by the different EOS in the relevant pressure regime indicated in the middle panel of Fig. 4 . Although all the evolution sequences are forced to start from the same initial entropy state, the sequence based on the ANEOS EOS shows a much stronger variation of the entropy with time. This stems from the stronger variation of S with P and T predicted by this EOS, for the mass range characteristic of Neptune-like planets (see Fig. 2 ). This is highlighted in the upper panel of Fig.  4 : the sequence based on the AVL with ANEOS shows ∼ 10 times larger local gravothermal energy, −T dS/dt, at the beginning of the evolution. Consequently, this sequence contracts and cools much faster than the other ones, loosing its internal entropy at a faster rate (lower panel of Fig. 4 ) and reaching a significantly smaller radius after 1 Gyr (see Fig. 3b ).
The reason why the difference between the entropy, S(P, T ), obtained with the ANEOS and SESAME EOS ( Fig. 2 and Fig. 3 ) is inconsequential when all the Z-material is located in the core, whereas it yields significantly different cooling sequences when the Zcomponent is mixed with the H/He envelope stems from the fact that the evolution of a planet with a core is dominated by the entropy variation of the H/He envelope, |dS/dt| HHe ≫ |dS/dt| Z , a consequence of the smaller compressibility, [ρ(dP/dρ)] −1 , and smaller specific heat of the Z-material compared with the H/He one because of its much larger mean molecular weight (see §4.3).
Figure 3c also shows the evolution of a model with a more realistic distribution of the heavy material in the interior, namely a 8 M ⊕ core surrounded by a gaseous envelope with a Z env =16.6% heavy element mass fraction, which corresponds to a total heavy element enrichment of 50%. First of all, we note that, for this value of Z, the cooling sequence base on the Y ef f formalism (dash-dot line) is very similar (within < ∼ 2%) to the one based on the more rigorous AVL (long-dash line). This shows that the Y ef f approximation for the treatment of a multispecies H/He/Z EOS can be used relatively safely up to Z ≈ 20%. Second of all, sequences with M core = 8 M ⊕ , Z env =16.6% (with the AVL and the SESAME EOS or with a Y equiv ) and the ones with M core = 0, Z env =50% (solid line) differ by less than 4%. Therefore, for such levels of Z env , the models are less sensitive to the treatment of the Z-element in the envelope. As mentioned previously, the sequence based on the ANEOS EOS (short-dash line) yields a significantly faster cooling sequence, with a ∼ 6% − 10% smaller radius at 1 Gyr, compared with all other sequences. This large uncertainty on the EOS will be the major culprit for preventing accurate determinations of the exoplanet internal composition from their observed radius.
We have also explored the effects of the heavy element distribution for smaller total enrichments, Z < 15%. In this case, we find a < 2% global effect on the radius at a given age, depending whether the heavy elements are all located in the core or are distributed throughout the entire planet, using either an effective He abundance or the AVL with the SESAME EOS for the thermodynamics of the heavy component. Models based on the ANEOS EOS (with heavy elements distributed over the entire planet) still predict the smallest radii at a given time, with a maximum ∼ 10% effect compared with the other sequences. Figure 5 portrays the internal T (P ) and ρ(P ) profiles for the various models of our 20 M ⊕ planet at an age of 4 Gyr.
The first conclusions to be drawn from these tests for a Neptune-mass planet are the following:
(i) for a core mass less than 50% of the planet's mass, a variation of the core composition from pure water to pure iron, the maximum expected difference in mean densities, yields a difference on the radius of less than ∼ 10% after 1 Gyr. Yet, such a difference is accessible to the observational determination of some transit planet radii, if (when) other sources of uncertainties, in particular on the heavy material EOS, were (will be) under control.
(ii) for a metal-fraction in the envelope Z env < ∼ 20%, the EOS of the Z-material can be approximated by using a corresponding Y equiv effective helium fraction in the SCVH EOS. This approximation become more dubious, and even wrong, above this limit.
(iii) if Z < ∼ 15%, either globally or in the envelope, the different treatments of heavy elements yield a relative variation of the radius of < ∼ 2%, except when using the ANEOS EOS, which yields a ∼ 10% difference. Within this limit for Z, and given all the other uncertainties in planet modelling, the impact of heavy elements on the evolution of Neptune-mass planets can be mimicked reasonably well by considering that the heavy elements are all located in the core.
(iv) For larger heavy element enrichments (Z > ∼ 15%), the distribution (everything in the core versus uniform distribution) and the treatment of the heavy element thermodynamic properties ( Y equiv or AVL) can significantly affect the cooling and thus radius determination for a given age (more than 10% difference after 1 Gyr). These uncertainties, unfortunately, hamper an accurate determination of the detailed composition of the heavy element material in the planet's interior.
Jovian-mass planets
In this section, we extend the analysis done in the previous section to a template 1 M J planet. We first analyse the effect of core composition for a core mass of 159 M ⊕ , corresponding to a total heavy element enrichment Z=50% (see Fig. 6a ). We find slightly larger effects than for the Neptune-mass case, with a 7% (15%) difference in radius between the pure water and the pure rock (iron) core cases, respectively. Whether such massive cores can indeed form for Jovian-mass planets will be considered in §7.1. As for the Neptune case, using either the ANEOS or the SESAME EOS for the same material in that case yields similar cooling sequences, with < ∼ 3% differences on R for water and < ∼ 2% for rock. For these planets, the iron core does not undergo a phase transition and iron always remains liquid, according to the ANEOS EOS. Indeed, central temperatures and densities are significantly larger than for Neptune-mass planets, with T c ∼ 10 5 K and ρ c ∼ 157 g.cm −3 at 1 Gyr for a 1 M J planet with an iron core (see Table 2 ). Fig. 4 . Effect of the EOS on the inner profile as a function of fractional mass for a planet of 20 M ⊕ with a mass fraction Z=50% of heavy elements distributed over the entire planet. In all panels, the curves correspond to: a mixture of H/He + Z described by: the SCVH EOS with Y equiv =0.275 + 0.5=0.775 (solid line); a mixture of H/He + water (SESAME EOS) using the additive volume law (dash-dotted line); a mixture of H/He + water (ANEOS EOS) using the additive volume law (dashed line). Upper panel: Inner profile of the local gravothermal energy, −T dS/dt (in erg/g/s), at the beginning of the evolution. Middle panel: Pressure profile (in dyne/cm 2 ) at 1 Gyr. Lower panel: Specific entropy profile (in erg/g/K) at 1 Gyr.
We explore the effects of the heavy element distribution with Z = 50% (Fig. 6b) and Z = 20% (Fig. 6c) . The latter case is comparable to the expected level of enrichment in Jupiter and Saturn (Saumon & Guillot 2004 ). In the Z = 50% case, both the various thermodynamic treatments and localizations of the heavy elements yield significantly different cooling behaviors (see Fig. 6b ). The sequence based on the Y equiv approximation, notably, differs from the other ones, as expected from our previous study for Neptune-mass planets. At 1 Gyr, the radii obtained with models based on the AVL with ANEOS and SESAME, respectively, differ by ∼ 6%. The different distributions of heavy elements within the planet have an even larger impact, with up to 12% difference in R between the case with M core =159 M ⊕ , Z env =0 and the case with Z distributed throughout the entire planet with ANEOS. Interestingly enough, for the present Jovian conditions, models based on the ANEOS or SESAME EOS, when metals are mixed throughout the entire planet, yield smaller differences than Table 2 . Radius and central thermodynamic properties of a planet of mass M P = 1M J at 1 Gyr for two heavy element mass fractions Z = (M Z /M P )=50% and Z = 20%. The labels are the same as in Table 1 . As mentioned at the end of §4.2, for Z=50%, the solution with M core =0 and Z = Z env is similar to a solution with M core ∼ 10 M ⊕ and the rest of the heavy material distributed in the envelope. for the Neptune-mass planet case, after about 1 Gyr, i.e. at high pressure and moderately high temperature. Indeed, the inner pressure and temperature conditions are very different between Neptune-mass and Jupiter-mass planets (see Figures 5 and 7) . For the former ones, P ranges between 10 10 and 10 12 dyne.cm −2 over more than 99% of the total mass (see Fig. 4 ) while T ranges from ∼ 5000 to 10 4 K. For the latter ones, the typical domains are P = 10 12 − 10 14 dyne.cm −2 and T = 10 4 − 10 5 K. As mentioned in §3.2, differences in the P and T dependence of the entropy between the different EOS are more pronounced under the interior conditions of Neptune-mass planets than for Jupiter-mass planets (see Fig. 2) .
If, instead of the extreme M core = 0 or Z env = 0 cases, we take a more realistic model with a 10 M ⊕ core, comparable to what is expected in Jupiter or Saturn, and we distribute the rest of heavy elements homogeneously in the H/He rich envelope, we find essentially the same evolution as when the heavy elements are distributed throughout the whole planet, with no core. This suggests that for massive, metal-rich planets, the evolution is better described by models which assume that all metals are distributed over the entire planet, since this yields results similar to the ones obtained with a more realistic distribution, than by models which assume that all heavy elements are in the core, with a metal-free, Z = 0 envelope.
For a more moderate heavy element enrichment, Z = 20% (see Fig. 6c ), the treatment of heavy elements in the entire planet, based on an Y equiv or on the AVL with ANEOS or SESAME, is found to be less consequential, for the present Jupiter-mass planet case. The different methods to describe the EOS yield less than 2% differences on R at a given age. The effect of the distribution of heavy elements (all in the core versus all distributed over the entire planet) is slightly more consequential, with up to 4% difference on R. Figure 7 portrays the internal T (P ) and ρ(P ) profiles for the various models of our 1 M J planet at an age of 4 Gyr.
The conclusions derived from these tests for a Jupitermass planet can be summarized as follows:
(i) for a core mass less than 50% of the planet's mass, a variation of the core composition between pure water and pure rock (iron) yields an effect on the radius of < ∼ 7% (15%). (ii) for a global metal-enrichment Z < ∼ 20%, the treatment and distribution of heavy elements affect only modestly the radius predictions (less than 4% effect on R at a given age).
(iii) For significant heavy element enrichment (Z ∼ 50%), the distribution of heavy elements (everything in the core versus uniform distribution) has a non negligible effect on the radius predictions, up to 12% difference at a given age. For such high metal-enrichments, distributing all the heavy material throughout the entire planet, with no core, is found to yield similar results as a more realistic model with about a 10 M ⊕ core and the rest of the material in the envelope, while a model with a metal-free envelope and all heavy elements in the core differs substantially from these sequences.
Energy release from the core
As mentioned in §2.2, the thermodynamics of the heavy material component in planet cores is often described either by a zero-temperature EOS or under the assumption of a uniform, low temperature ), or a uniform density (Bodenheimer et al. 2003 ). These models ignore the gravothermal energy contribution of the core, (−T dS dt ) core to the cooling of the planet. As an other extreme, Burrows et al. (2007) arbitrarily assume that the specific entropy of the core material is the same as that of the H/He envelope, therefore overestimating the heat release of the dense core.
According to the ANEOS or SESAME EOS, the typical heat capacity of water in the cores of the presently studied Neptune-mass and Jovian-mass planets is C v ∼ 3 × 10 7 -5×10 7 erg g −1 K −1 , for typical temperatures T ∼ 5000-5×10 4 K and pressures P ∼ 10 12 − 10 14 dyne cm −2 (see Figs. 5 and 7) . This is about 1/3 the specific heat of H/He in the envelope. This corresponds to variations of the specific heat from the high-temperature nearly ideal gas limit, ∼ 6R/A (where A is the species mean atomic weight and R is the perfect gas constant), to regimes which include potential-energy contributions associated with trans-lational and librational modes (3R/A maximum for three translational and three librational modes per molecule). If the species enters the solid phase, the specific heat decreases rapidly (Debye regime) and eventually vanishes. The specific heat of rock or iron is even smaller (larger atomic mass) and the contribution of cores made of such materials to the cooling history of planets is negligible. For planets in the mass range 20 M ⊕ -1 M J , as explored in the previous section, with core masses less than 50% of the planet's mass, and with cores made up of water, the release of gravitational energy (P dV dt ) and of internal energy ( dU dt ) never exceeds 40 % of the total released energy, T ( dS dt ). For Neptune-mass planets, the dominant contribution from the core is due to its contraction, i.e the P dV dt work, during the first 0.5 -1 Gyr of evolution, and by the release of its internal energy at older ages. For jovian-mass planets, the contraction of the core provides the dominant contribution to its gravothermal energy during the entire planet evolution.
The assumption of zero-T or uniform low temperature affects the structure of the cores, because of the temperature dependence of the P (ρ) relations predicted by current EOS (see §3.2 and Fig. 1 ). But, more importantly, it affects the evolution of the planet, because it implies a negligible contribution of the core to the total gravothermal energy of the planet. Indeed, the release of thermal energy from the core, ( dU dt ) core , is forced to be zero, and the small compressibility of water at low T drastically underestimates the true contraction of the core during the planet evolution, and thus the release of gravitational energy. We have analysed this assumption by imposing a constant and uniform temperature of 300 K in the water core of the planet models analysed in the previous section, using ANEOS and SESAME. For the jovian-mass planet (1 M J ) with M core =159 M ⊕ , the effect on the radius is negligible (less than 2%) after 1 Gyr. On the Neptune-mass planet (20 M ⊕ ), the effect is larger, the largest effect being found with the SESAME EOS for the model with a 10 M ⊕ core, that yields a 6% effect on R after 1 Gyr. The largest temperature variations of the EOS are indeed found at low pressure (P < 1 Mbar), as illustrated in Fig. 1 , affecting more importantly light planets.
The heat transport in the core is due to convection or conduction (by electrons or phonons), depending on the core material and the age of the planet. Conduction may dominate after a few Gyr of evolution, as the core becomes cool and dense enough for the thermal conductivity due to degenerate electrons to become large enough, K c ∝ ρ 4/3 , and the conductive flux to dominate the convective one, F cond = −K c ∇T > F conv . It starts to dominate earlier for rock and iron cores, compared to water cases. These results, however, are hampered by the uncertainties in the conductive opacities calculated with the ANEOS EOS or with Potekhin (1999) for such materials. We have checked the effect of such an uncertainty on the cooling history in the case of the 20 M ⊕ planet with M core =10 M ⊕ of water with the SESAME EOS, as this sequence provides a case with the largest energetic contribution from the core, for enrichments Z ≤ 50 %. Over the entire evolution, heat is predicted to be transported by convection within the core and the temperature gradient is given by the adiabatic gradient. We have arbitrarily decreased the conductive opacities so that conduction now dominates over convection. The core thus becomes isothermal. The effect remains small on the radius evolution (maximum 3% on R at a given age compared to the convective case). Therefore, the uncertainty in the heat transport efficiency of the core has a smaller impact than neglecting the temperature dependence of the core material and its global energetic contribution.
To conclude this section, the present calculations show that neglecting the thermal and gravitational contributions from the core, by assuming zero-T or low uniform T, in current planet modelling, leads to a maximum effect of ∼ 6% on the radius, after 1 Gyr of evolution, for cores less massive than 50% of the planet's mass. Whether such a variation can be considered negligible or not depends on the accuracy of the data the models need to be confronted to in order to infer the planet's internal composition, once the EOS of heavy elements will be determine with enough accuracy. As will be shown in the next section, the conclusion is drastically different for larger metal contents, for Neptune-size planets.
Extreme metal-enrichment: the two specific cases of HD149026b and GJ436b
In this section, we analyse extreme cases of heavy element enrichments (Z > 50%), focusing on two recently discovered transiting planets, the Saturn-mass planet HD149026b and the Neptune-mass planet GJ436b. Our goal is to examine the properties of these two transit planets, in the light of the analysis conducted in the previous section concerning the main assumptions and uncertainties of current planetary models.
HD149026b
The discovery of the Saturn-mass planet HD149026b (Sato et al. 2005 ) revealed an unexpectedly dense planet, with a mass M P = 0.36 ± 0.04 M J and a radius R P = 0.725 ± 0.05 R J , i.e. a mean densityρ = 1.17 ± 0.35 g.cm −3 . For comparison, Saturn has a mass of 0.3 M J but a radius of ∼ 0.8 R J , i.e.ρ = 0.66 g.cm −3 . The transit planet is orbiting a G-type star at an orbital distance a = 0.042 AU, about 230 times closer to its Sun than Saturn. The age of the system, ∼ (2 ± 0.8) Gyr, is also younger than our Solar System. It is important to understand the nature and the origin of this puzzling planet, and in particular to know whether current planet formation scenarios, in particular the core accretion model, can explain it. This requires a knowledge of its structure and composition, which can only be inferred from theoretical models. Several authors have tried to infer the inner structure of this planet under the usual assumptions described in §2. The models assume that almost all heavy elements are in the core, and the H/He envelope is either free of metals (Burrows et al. 2007) , or is moderately enriched, with Z = Z ⊙ (Ikoma et al. 2006) or Z = 0.045 ). Ikoma et al. (2006) have also investigated a case with Z env = 0.37. Fortney et al. (2007) use a zero-temperature EOS for the core and thus ignore its heat content contribution. They find negligible effect when using a nonzero temperature EOS for the ice mixture given by Hubbard & Marley (1989) . This latter EOS provides pressure-density relations appropriate for the description of warm adiabatic mixtures (T ∼ 10 4 ) K, but do not explicitly account for the temperature dependence. Ikoma et al. (2006) also use this EOS and assume a uniform temperature in the core and a specific heat C v ∼ 10 7 erg g −1 K −1 to account for the core heat release. According to all these models, the total mass of heavy elements in the planet lies in the range ∼ 40-90 M ⊕ , i.e Z ∼ 35% -80%.
We will test the impact of these main assumptions done in current structure models of HD149026b, namely the distribution of all heavy elements in a core and the use of zero-T EOS. Since the present study focusses on the sensitivity of the structure and evolution for a given setup of atmosphere models, we use, as outer boundary condition to the inner structure, atmosphere models with solar composition, Z ⊙ , irradiated by a G-star at 0.04 AU, even though the results are expected to change to some extent with the composition of the atmosphere (see e.g Burrows et al. 2007) . This issue will be explored in a forthcoming paper. We obtain a good match of the planet's radius with a model with a water core of 80 M ⊕ and a metal-free envelope, Z env = 0. Figure 8 displays this model (solid line), calculated with the ANEOS EOS in the core. The use of the SESAME EOS for water in the core yields a 3% smaller radius, still providing a good match to the observed value. Figure 8 also shows the impact of the heavy element distribution, with models where the 80 M ⊕ of heavy elements are distributed over the entire planet. As anticipated from the studies conducted in §3.2, the use of an Y equiv in the SCVH EOS to handle the heavy element contribution yields, for such a high metal fraction, an evolution that differs drastically from the other ones, even though, coincidentally, it gives a good solution at the age of the system. As expected from the tests performed in §4, models with 80 M ⊕ of heavy elements mixed with H/He throughout the entire planet, using the AVL with the SESAME (long-dash line) or the ANEOS (short-dash line) EOS for water, yield denser structures. The latter one yields a radius ∼ 25% smaller than the observed value, an effect larger than changing the core composition from water to rock (∼10% effect on R), for the same core mass of 80 M ⊕ , and similar to the one obtained when changing from a pure water to a pure iron core, a rather unlikely solution.
Instead of the two aforedescribed extreme heavy element distributions, we have also examined a more realistic model with a 20 M ⊕ core, similar to what is predicted for Saturn, and the remaining 60 M ⊕ mixed within the H/He envelope, using the AVL both with SESAME and with ANEOS. As anticipated from the tests performed in §4.2, this yields similar results than assuming that all heavy elements are distributed throughout the entire planet. Models with such metal enrichment and distributions thus seem to be excluded by the observations. An alternative solution for HD149026b, however, is obtained with a 60 M ⊕ of heavy elements, instead of 80, mixed with H/He throughout the entire planet, described with the ANEOS EOS for water and the AVL formalism (dotted line in Fig. 8 ), whereas when using the SESAME EOS for water, 70 M ⊕ are required. As mentioned above and as shown in our previous studies, such models are equivalent to models with a small core mass and a significantly enriched envelope. This shows that for a given heavy element material, water in the present case, the effect of modifying its internal distribution (everything in the core or a fraction redistributed in the H/He envelope) has by itself a large impact, yielding an uncertainty on the amount of heavy material required to reproduce the observed radius of 80-60=20 M ⊕ . As shown in the previous sections, assuming all heavy elements to be in the core yields structures less dense than when these elements are mixed throughout the envelope, so that these models require a larger amount of heavy material to match a given radius.
Finally, as done in §4.3, we have tested the effect of the temperature dependence of the EOS in the core by assuming a uniform temperature of 300 K in a model with a 80 M ⊕ water core, using ANEOS and SESAME EOS. The largest effect is found with this latter EOS, the model with a uniform low temperature yielding a radius ∼ 3 % smaller than the "hot" core case at 2 Gyr.
GJ436b
The first Neptune-mass transiting planet has been discovered recently (Gillon et al. 2007a) , with a mass M P = 22.6 ± 1.9 M ⊕ and a radius R P = 25200 ± 2200 km = 0.352 ±0.03 R J . The planet is orbiting an M-type star of ∼ 0.44 M ⊙ at an orbital distance a ∼ 0.028 AU. According to the models of Fortney et al. (2007) , Gillon et al. (2007a) suggest that the planet is composed predominantly of ice with a thin H/He envelope of less than 10% in mass. Based on Spitzer observations, Gillon et al. (2007b) and Deming et al. (2007) determine a slightly larger radius, with R P =0.386 ±0.016R J . We adopt this value in the following and we assume an age for the system of 1-5 Gyr, as it is essentially unconstrained by the observations. Models available in the literature to determine the inner structure of this planet use temperature-independent EOS to describe the core and thus ignore its thermal contribution Seager et al. 2007; Adams et al. 2007 ). We will test this assumption.
We have calculated models characteristic of GJ436b. We use solar metallicity atmosphere models and, given the low luminosity of the parent star, we neglect presently the irradiation effects. Recent determinations of GJ436b irradiation induced temperature (i.e. brightness temperature) indeed suggest that the evolution is not likely to be significantly altered by irradiation (Demory et al. 2007) . A model with a core of 21 M ⊕ made of water and a metal-free envelope, Z env =0, provides a good match to the observed radius, as illustrated in Fig. 9 (solid and dashed lines) . The ANEOS EOS for water (solid line) yields a slightly larger (∼ 4%) radius than the SESAME EOS (dashed line). A good match is also obtained with a rocky (dunite) core of mass 19.5 M ⊕ . Given the high mass fraction of heavy material of this planet, more than 80%, the freedom to vary its distribution is limited. Assuming a core of 21 M ⊕ with Z env =0 or a slightly smaller core with some heavy element enrichment in the envelope, a more realistic solution, e.g. a model with M core = 20 M ⊕ and Z env =0.38, yield less than 8% variations on the radius, still within the observed error bars. According to the tests performed in §4.1 on a 20 M ⊕ planet, larger values of Z env ( Z env > ∼ 50%), and thus smaller cores, yield larger effects on the radius. Note that, according to present planet formation models (Alibert et al. 2005a; Mordasini et al. 2008) , such high fractions of Z-material enrichment in envelopes of Neptune-mass planets are not excluded (Baraffe et al. 2006 , figure 1 ) since, as mentioned in §2.1, the fate of accreted planetesimals during the gas accretion phase depends on the envelope mass. Figure 9 also displays the evolution of the aforementioned model with the assumption of a uniform cold temperature (300K) in the core. This yields a moderate effect on the evolution, about 4% on the radius at 1-5 Gyr with the ANEOS EOS and ∼ 6% effect with SESAME. In the latter case, however, the model lies outside the observational error bars (see dotted line in Fig. 9 ). As seen in Fig.  10 , for planets with such a large fraction of heavy material, and conversely with such a modest gaseous H/He fraction ( < ∼ 10%), the evolution of the planet is largely dominated by the core contribution. Neglecting the temperaturedependence of the core, and thus its contribution to the gravothermal energy of the planet, yields an incorrect cooling sequence. Even though, for such low-entropy material, the global gravothermal energy, T dS/dt, remains small, a proper calculation should take into consideration the core contribution. Note also that even a modest H/He fraction affects the radius determination, as illustrated in Table 3 by comparing the present results with the value of the radius corresponding to a pure 22.6 M ⊕ icy planet with no gas envelope, as derived from the fitting formulae of Seager et al. (2007) .
Importantly enough, taking into account the thermal and gravitational energetic contributions from the core becomes even more crucial if the irradiation effects from the parent star are important. Fig. 9 shows the evolution of the same planet model, with M core = 21 M ⊕ of water (SESAME EOS), but with an incident stellar flux
2 F ⋆ , where F ⋆ is the flux from the parent star, six times larger than for GJ436a. This corresponds to Fig. 9 . Evolution of a planet characteristic of GJ436b (M P =22.6 M ⊕ ,) with different heavy element distributions. Models with no irradiation: Solid line: model with M core = 21 M ⊕ of water (ANEOS EOS) and Z env =0; short-dash line: model with M core = 21 M ⊕ of water (SESAME EOS) and Z env =0; dotted line: test model with M core = 21 M ⊕ of water (SESAME EOS) and Z env =0, assuming an uniform temperature of 300 K in the core. Effect of irradiation, with F inc = 6 × F inc for GJ436b (see text): long-dash line: same as short-dash line with irradiated atmosphere models; dash-dot line: same as dotted line with irradiated atmosphere models Fig. 10 . Various contributions to the gravothermal energy, E g = −T dS/dt, normalized to the total value, for a planet characteristic of GJ436b (M P =22.6 M ⊕ ), with a 21 M ⊕ core of water with the SESAME EOS. Solid line: global contribution from the core; dash-dot line: contraction work contribution from the core; long-dash line: thermal contribution from the core; short-dash line: global contribution from the H/He 1.6 M ⊕ envelope. Table 3 . Radius of a 22.6 M ⊕ planet at 2 Gyr with different water core masses, EOS and levels of irradiation, characterised by a stellar incident flux, F inc . Two cases are considered: no irradiation (F inc =0) and F inc =6 x F inc of GJ436b. Comparison is done with the pure water (ice) case of Seager et al. (2007) . Results based on the assumption of a uniform core temperature of T=300K are also given. a parent star about 50% hotter. In that case, neglecting the temperature dependence of the EOS in the core and its contribution to the planet's cooling yields a ∼ 11% (7%) smaller radius with SESAME (ANEOS) EOS (dash-dot vs long-dash curves). This stems from the larger planet interior temperature and entropy in the irradiated sequence compared with the non-irradiated one. In the irradiated case, the core temperature ranges from 5000 to ∼ 2 × 10 4 K (from the bottom of the H/He envelope to the center), to be compared with 3000 to ∼ 10 4 K in the non-irradiated case, characteristic of the temperatures expected in the rocky/icy part of Neptune and Uranus 6. Evolution of super Jupiter planets: Hat-P-2b
and deuterium burning planets
The final part of our study is devoted to "super-Jupiter" extra-solar planets, with masses M P ≫ 1 M J . It is motivated by the growing number of discoveries of massive extra-solar planets, in the mass regime overlapping the one of low-mass brown dwarfs, issued from a different formation mechanism. These discoveries feed the heated debate concerning the definition of a planet and the possibility to distinguish planets from brown dwarfs of similar mass. In this context, one of the most remarkable discoveries is the transiting super-Jupiter object HAT-P-2b (also named HD147506b), with a mass M p = 9.04 M J and a radius R p = 0.982 R J (Bakos et al. 2007 ). Loeillet et al. (2007) reanalysed the orbital parameters of the system and find similar values, M p = 8.64 M J , R p = 0.952 R J . In that case, the mass-radius relationship offers a unique information to infer the gross composition of the object and to determine its real nature, low-mass gaseous brown dwarf or very metal-rich massive planet. Bakos et al. (2007) suggest that the mean density of this planet is only marginally consistent with model predictions for an object composed predominantly of H and He, and requires the presence of a large core, with M core > ∼ 100 M ⊕ . Here, we calculate more thoroughly the internal structures consistent with the radius determination, along the lines described in the previous sections. We find that a total amount of ∼ 300-600 (200-500) M ⊕ of a water (rock) component is required to explain the radius at the present age, as illustrated in Fig. 11 . The rather large pre- dicted range of heavy material enrichment stems from the large observational error bars. As seen in the figure, a brown dwarf (Baraffe et al. 2003) , i.e. a gaseous H/He object with solar metallicity, is predicted to have at this age a radius marginally consistent at the 2σ limit with the observations (short-dashed line) and thus can be excluded at the > ∼ 95% confidence level, if the present radius observational determination is confirmed. This shows that planets can exist with masses up to ∼ 10 M J , well above the opacity-limit for fragmentation, m ∼ 3-5 M J (Whitworth & Stamatellos 2006) , the expected minimum mass for brown dwarf formation. These two distinct astrophysical populations should then overlap over a substantial mass domain.
In this context, it is interesting to explore the fate of planets massive enough to ignite deuterium-fusion in their central parts, i.e. with M p > ∼ 12 M J (Saumon et al. 1996 , Chabrier et al. 2000 . Indeed, recent calculations of planetary population synthesis based on improved core-accretion models of planet formation (Alibert et al. 2005a ) and a wide variety of initial conditions, predict the formation of supermassive planets, up to ∼ 20-25 M J , with rocky/icy core masses up to several 100 M ⊕ (Ida & Lin 2004; Mordasini et al. 2007 Mordasini et al. , 2008 . If planets with a massive core can form above the aforementioned deuterium burning minimum mass, a key question is to determine whether or not the presence of the core can prevent deuterium burning to occur in the deepest layers of the H/He envelope. Guided by the results of Mordasini et al. (2008), we have consid-ered a 25 M J planet with a 100 M ⊕ core. Independently of the composition of the core material (water or rock), deuterium-fusion ignition does occur in the layers above the core and deuterium is completely depleted in the convective H/He envelope after ∼ 10 Myr. The same conclusion holds for a core mass of several 100 M ⊕ . These results highlight the utter confusion provided by a definition of a planet based on the deuterium-burning limit.
7. Planet evolutionary models and mass-radius relationships
The reality test
Some of the internal structures determined in the previous sections in order to match the observed radii and inferred mean densities of transit planets are rather unusual, and the possibility to form such compositions must be examined in the context of our current understanding of planet formation. According to current models of planet formation, which include migration (Alibert 2005a (Alibert , 2006 ) , up to ∼ 30% of the heavy material contained in the protoplanetary disk can be incorporated into forming giant planets (Mordasini et al. 2007 ). The maximum mass for a stable protoplanetary disk is M D < ∼ 0.1 M ⋆ , so that, for a 1 M ⊙ parent star of solar composition, Z ≃ 2%, as much as
5 ) ≈ 200 M ⊕ of heavy material can be accreted onto the planet. Present planet formation models (Mordasini et al. 2007 ) reach about this limit for very massive planets, for a 1 M ⊙ parent star. Therefore, in principle, according to these calculations, a heavy element mass fraction > 50% can not be excluded, even for Jovian-type planets. This requires, however, accretion rates from the planet's feeding zone significantly larger than the values typical of the early "runaway growth" accretion phase, ∼ 10 −5 M ⊕ yr −1 (Ward 1996) . It also implies migration of the planet's embryo, or some substantial orbit eccentricity. Indeed, in the absence of migration or eccentricity, tidal interactions between the planet and the disk are supposed to lead to the opening of a gap once the planet has reached about a Saturn total (gas+solid) mass, ∼ 100 M ⊕ , for the minimum mass solar nebulae conditions, after which planetesimal accretion decreases dramatically (Lin & Papaloizou 1986) . Note that, if the planets formed originally at large orbital distances and migrated inwards, they are expected to have a significant content of heavy material, given the larger available mass reservoir. Furthermore, short-period planets are expected to have a larger fraction of heavy material than planets located further away for two reasons. First of all, more impacts from low eccentricity orbit planetesimals are expected. Second of all, the closer the orbit of the planet, the larger its orbital speed, (GM ⋆ /a) 1/2 , compared to its escape velocity, (2GM ⋆ /R ⋆ ) 1/2 , making planetesimal ejection less efficient .
A second concern is the possibility to have the type of heavy element distributions examined in the present paper. As mentioned earlier, the fact that gas accretion is triggered once the core mass has reached about 6 to 10 M ⊕ seems to be a rather robust result (Mizuno 1980 , Stevenson 1982 , Pollack et al. 1996 , Alibert et al. 2005a , Rafikov 2006 . For larger enrichments, the rest of heavy elements should thus be mixed with the H/He envelope. As shown by Stevenson (1982) , the maximum amount of heavy material (compared with the H/He medium) which can be redistributed uniformly by convection throughout the planet from an initially stably stratified configuration is of the order of the planet's mass. So in principle, a planet with no or small core but all or most of the heavy material being redistributed throughout the gaseous envelope is possible. As shown in our study, for Jovian type planets (see §4.2), for a global metal fraction Z = 50%, if we assume a core of 10 M ⊕ , comparable to what is expected in Jupiter or Saturn, and we distribute the rest in the envelope, we find essentially the same evolution as when the heavy elements are distributed throughout the whole planet, with no core. This supposes, of course, that large-scale convection remains efficient enough to redistribute homogeneously the heavy material in the H/He envelope (Chabrier & Baraffe 2007) . Note that this result also holds for lower mass planets with similar enrichment, Z = 50%, if the core mass remains < ∼ 10% M p .
Therefore, the enrichment in heavy material and the internal compositions explored in the present calculations have at least some reasonable theoretical foundation and can not be excluded a priori. These arguments can be examined for the case of Hat-P-2b, for which the observed mass-radius relation requires a total mass of heavy elements of at least 200 to 300 M ⊕ , i.e. a mean mass-fraction Z > ∼ 7-11%. Hat-P-2b's parent star is a F8 metal-enriched ([F e/H] = 0.1) star, with M ⋆ = 1.3 M ⊙ . The maximum total amount of heavy element material available in the parent disk was thus about 900 M ⊕ . So the required content of heavy elements would be close to the aforementioned ∼30% upper limit of accretion efficiency. If both the mass and the density of Hat-P-2b are confirmed, this object thus lies at the edge of what is predicted to be possible within the current standard core-accretion scenario. We suggest, however, an alternative formation scenario, namely that the formation of Hat-P-2b involves collision(s) with one or several other massive planets. Besides forming big cores, collisions will lead to a substantial loss of the gaseous envelope, thus to a larger relative fraction of heavy elements. Furthermore, gravitational scattering among planets generally results in a tight orbit with a large eccentricity for one of the planets, which could explain Hat-P-2b's large eccentricity, and to the ejection of the other planet(s) or debris to interstellar medium. Such scattering processes between planets seem to provide a viable and possibly dominant scenario to explain the observed eccentricity distribution of exoplanets (Chatterjee, Ford & Rasio 2007) . We thus speculate that Hat-P-2b was formed from such collision processes. Note that a scenario based on giant impacts has also been suggested to explain the large heavy element content of HD149026b (Ikoma et al. 2006) .
Finally, in the present calculations, the heavy material is supposed to be composed entirely of one single component, water, rock (silicates) or iron. This is of course a simplifying assumption, as the inner composition of the planets is expected to possess various fractions of each of these components. The water to silicate fraction, in particular, will vary depending whether the object has formed inside or beyond the ice line. Migration, however, will affect this fraction, as the migration process yields a larger collision rate of the planet embryo with rocky planetesimals and thus a decreasing abundance of volatiles. All ratios M ice /M rock from 0 to 1 are thus probably possible. In any event, although the ex-act composition of the heavy material component may have some implication on the mass-radius relationship for Earthlike planets (Valencia et al. 2006; Sotin et al. 2007; Seager et al. 2007 ), the present study shows that, for planets with a gaseous H/He envelope of mass fraction M HHe > ∼ 10% M p , current uncertainties on the EOS and the heavy element distribution lead to larger uncertainties on the planet's radius determination than the effect due to different internal compositions (see Tables 1-2 and §5.1).
The models
In tables 4-5 3 , we present a subset of our grid of planetary models from 20 M ⊕ to 1 M J with different levels of heavy element enrichment, Z = Z ⊙ , 10%, 50 % and 90%. For the purpose of the present paper, this grid is restricted for the moment to solar metallicity atmosphere models with two external atmospheric conditions, namely: (i) no irradiation (non-irradiated planets) and (ii) irradiation effects from a Sun at 0.045 AU, which is a typical incident irradiation for most of the transit planets discovered up to now. The effect of different levels of irradiation and different atmospheric compositions will be explored in a forthcoming paper. We have compared our models in this mass range with the models of Fortney et al. (2007) . We find an excellent agreement for jovian-mass planets using the same assumptions, i.e same core masses and level of irradiation. Small differences occur for Neptune-mass planets (Fortney's 17 M ⊕ model) for a large core mass fraction ( M core = 10 M ⊕ ). This is due most likely to the zero-temperature EOS assumption adopted in Fortney et al. (2007) for the core EOS, as shown earlier in this paper (see §4.1). Larger discrepancies, however, appear in the irradiated case for the Neptune-mass planet. This stems very likely from the different treatments of irradiation in the atmosphere models used in Forney et al. (2007 , see Fortney & Marley 2007 and in the ones used presently (Barman et al. 2001) , which seem to affect more drastically light planets. The exploration of these effects will be considered in a future paper.
In the present grid of models, and in order to minimize the number of possibilities, the heavy element material is restricted to water using the SESAME EOS. The departures from this case due to different heavy material compositions (rock, iron), distributions within the planet's interior and EOS have been quantified in the previous sections of this paper (see Tables 1-2 for an illustration and §8 for a summary) for the relevant planet-mass range. The model users are thus referred to these analysis to determine the variations expected fom these various assumptions in the planet modelling. Our choice for the heavy element distribution in the model grid depends on the planet mass, and has been guided by the most realistic expected distribution, as discussed in §7.1 and summarized below, from our present analysis of the uncertainties resulting from different treatments of heavy element enrichment. The solar metallicity models, with Z = 0.02, have the same composition as that of a brown dwarf, but such objects with masses as low as a few Neptune-masses are of course not realistic. These models are an extension to planetary masses of the models of Baraffe et al. (2003) . Note that the 20 M ⊕ planet model with an enrichment as low a Z = 0.02 and with, conse--For all masses and Z = 10%, all heavy elements are located in the core, since for such low Z, we have shown that their distribution has only a modest effect on the radius. -For larger enrichments (Z = 50%-90%), we make a distinction between planets below M p < ∼ 20 M ⊕ , hereafter denominated as "light planets", and more massive planets. Because all planets are expected to have a core of about ∼ 10 M ⊕ , the following distributions seem to be the most realistic: -For light planets, all heavy material is located in the core. -For more massive planets, we have shown that distributing the heavy elements over the entire planet is similar to distributing them partly in a core of at most ∼ 10% of the mass of the planet and partly in the envelope. We thus adopt such a distribution for these objects: the heavy material is distributed over the entire planet, using the AVL with SESAME EOS. The uncertainties due to the EOS (ANEOS versus SESAME) for this type of distribution have been quantified in §4 and §5. -For planets with masses > 1 M J , we only provide models with Z=10%, since enrichments as large as 50% or 90% correspond to an amount of heavy material greater than the quantity available in protoplanetary disks around solar type stars. Figure 12 shows the mass-radius relationships for planets in the mass range 20 M ⊕ -1 M J , for different levels of irradiation and heavy element enrichments. The models are compared to the observed mass-radius data of transiting planets. Note that in the case of irradiation (right panel), the theoretical planetary radius is not corrected from the effect of the atmospheric extension. Such a correction adds ∼ 4% to the calculated radius for this level of irradiation (Baraffe et al. 2003) .
Discussion and perspectives
In this paper, we have explored the uncertainties in current planetary structure and evolutionary models arising from the treatment of the heavy material component in the interior of these planets. The study covers a mass range from 10 M ⊕ to 1 M J . Our main results can be summarized as follows:
-The ideal mixing entropy contribution arising from the heavy Z-material is found to be inconsequential on the planet's evolution, within the limit that the variation of the degree of ionization of these elements along the evolution is presently ignored. This mixing entropy, however, represents about 10 to 20% of the total, H/He + Z elements, entropy, and thus modifies the internal isentrope. A proper calculation of the planet's structure for a given entropy should thus include this contribution. -For a metal mass fraction in the envelope Z env < ∼ 20%, the EOS of the Z-material can be approximated by using a corresponding Y equiv effective helium mass fraction in the SCVH EOS. Above this limit, this approximation becomes more and more incorrect and yields erroneous cooling sequences.
-For core mass fractions less than 50% of the planet's mass, a variation of the core composition between pure water and pure rock (iron) yields a difference on the radius of less than 7% (15%) after 1 Gyr, for all the planet masses of interest. -For a total mass fraction of heavy elements Z < ∼ 10%-15%, their impact on the evolution of the planet can be mimicked reasonably well by assuming that they are all located in the core.
-For heavy material enrichments Z > 20%, the distribution of heavy elements (everything in the core versus uniform distribution) can affect significantly the cooling and thus the radius determination (more than 10% at a given age). Therefore: -For metal-rich (Z > ∼ 20%) light planets ( < ∼ 20 M ⊕ ), since the planets are expected to have a massive ∼ 10 M ⊕ core, it seems realistic to put all the heavy material in the core.
-For massive metal-rich planets (M p > ∼ 50 M ⊕ and Z > 20%), however, the evolution is better described by models which assume that the heavy elements are distributed throughout the entire planet than by models with all heavy elements in the core and none in the gaseous envelope. The former models yield results similar to the ones obtained with a more realistic distribution, namely a ∼ 10 M ⊕ core and the rest of heavy material distributed in the envelope.
-The temperature dependence of the heavy material EOS and the release of gravitational and thermal energy of the core have negligible effects on the cooling history of massive planets (saturnian and jovian masses), independently of the core mass. For Neptune mass planets, these effects are significant (∼ 10% difference on the radius after 1 Gyr) for extreme heavy element enrichments (Z > 90%), as for instance in GJ 436b. (Caballero et al. 2007) shows that planets and brown dwarfs have a substantial (about one order of magnitude in mass) mass domain overlap. As we have shown in this paper, planets massive enough to exceed the deuterium-burning mass limit will indeed ignite this reaction at the bottom of their H/He rich envelope, at the top of the core. This is one more evidence, if it were still necessary, that using the deuterium-burning limit as a criterion to distinguish planets from brown dwarfs has no valid foundation. is the total number of electrons provided by the H/He and Z components. These ideal mixing entropy contributions are already included in the SCVH EOS for the H/He component (their eq. (53)) 4 and in the appropriate EOS for the Z-component. Removing these two contributions, we obtain the ideal entropy of mixing which arises only from the mixture of the H/He and Z components: denotes the number-concentration of free electrons in the HHe mixture as defined in SCVH, m H and m He denote the atomic mass of hydrogen and helium, respectively, and the grec symbols α, β, γ are defined by eqs. (54)- (56) of SCVH. For the Z-component, the mean mass corresponds to the atomic mass of the compound under consideration. The mean chargeZ 2 is unknown. We have carried out calculations for the two limiting cases of fully neutral (Z 2 = 0) and fully ionised (Z 2 = Z nuc ) heavy material, where Z nuc denotes the nuclear charge of the compound. After some algebra, the ideal specific entropy of mixing of the (HHe)/Z mixture can be written: 
